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Abstract

Background: Takayasu arteritis (TAK) is a chronic granulomatous large vessel vasculitis with multiple immune cells
involved. Chemokines play critical roles in recruitment and activation of immune cells. This study aimed to investigate
chemokine profile in the peripheral blood and vascular tissue of patients with TAK.

Methods: A total of 58 patients with TAK and 53 healthy controls were enrolled. Chemokine array assay was per-
formed in five patients with TAK and three controls. Chemokines with higher levels were preliminarily validated in 20
patients and controls. The validated chemokines were further confirmed in another group of samples with 25 patients
and 25 controls. Their expression and distribution were also examined in vascular tissue from 8 patients and 5 con-
trols. Correlations between these chemokines and peripheral immune cells, cytokines, and disease activity parameters
were analyzed. Their serum changes were also investigated in these 45 patients after glucocorticoids and immuno-
suppressive treatment.

Results: Patients and controls were age and sex-matched. Twelve higher chemokines and 4 lower chemokines were
found based on the chemokine array. After validation, increase of 5 chemokines were confirmed in patients with
TAK, including CCL22, RANTES, CXCL16, CXCL11, and IL-16. Their expressions were also increased in vascular tissue

of patients with TAK. In addition, levels of RANTES and IL-16 were positively correlated with peripheral CD31CD4* T
cell numbers. Close localization of CCL22, CXCL11, or IL-16 with inflammatory cells was also observed in TAK vascu-
lar tissue. No correlations were found between these chemokines and cytokines (IL-6, IL-17, IFN-y) or inflammatory
parameters (ESR, CRP). No differences were observed regarding with these chemokines between active and inactive
patients. After treatment, increase of CCL22 and decrease of RANTES and CXCL16 were found, while no changes were
showed in levels of CXCL11 and IL-16.

Conclusions: CCL22, RANTES, CXCL16, CXCL11, and IL-16 were identified as the major chemokines involved in the
recruitment of immune cells in the vascular tissue of patients with TAK. Additionally, the persistently high levels of
CCL22, CXCL11, and IL-16 observed after treatment indicate their role in vascular chronic inflammation or fibrosis and
demonstrate the need for developing more efficacious treatment options.

Background

Takayasu arteritis (TAK) is a type of large vessel vasculitis

that predominantly occurs in female patients of repro-
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China, Japan, Korea, and Turkey, than in western coun-
tries [2].

TAK is characterized by chronic inflammation, and
multiple immune cells participate in the development of
TAK. High numbers of helper T cells, follicular helper T
cells, CD8'T cells, CD14" monocytes, and neutrophils
cells have been found in the peripheral blood of patients
with TAK [3]. In addition, various types of immune cells,
such as macrophages, lymphocytes, and dendritic cells,
have been observed in vascular lesions from patients with
TAK [4]. Thus, the recruitment and activation of immune
cells appear to be closely related with the development of
vascular lesions in TAK.

Chemokines play critical roles in the recruitment of
immune cells from the peripheral blood to injured tis-
sue. For example, in giant cell arteritis (GCA), another
large vessel vasculitis, CXCL9, CXCL10, and CXCL11
were reported to mediate macrophage infiltration in vas-
cular lesions [5]. In TAK, vascular lesions originate from
the vascular adventitia. The vascular adventitia is rich in
vasa vasorum, which can transport peripheral immune
cells to active vascular lesions in the early stage of lesion
development [6]. In TAK patients, the levels of RANTES,
CCL2, CCL20, CXCL8, and CXCL10 have been reported
to be elevated in the peripheral blood, and their levels
were correlated with disease activity [7, 8]. However,
the profile of chemokines in TAK has not been clearly
elucidated.

Apart from the role of chemokines in the chemotaxis
of immune cells from the peripheral blood to injured
lesions, chemokines may also participate in the migra-
tion of immune cells through vascular layers in TAK.
TAK lesions develop from the outside to the inside of
vascular tissue [9]. In our previous study, we found that
macrophage distributed differently in different stages
[10]. Additionally, the expression of CCL2, the main
chemokine associated with macrophages, was consistent
with the distribution of macrophages [10]. These findings
indicate that chemokine also plays an important role in
the migration of immune cells within vascular tissue in
TAK. However, the expression of chemokines in vascular
tissues in TAK is still unclear.

The aim of this study is to explore the chemokine spec-
trum in the peripheral blood as well as vascular tissue
from patients with TAK and investigate its potential role
in the pathogenesis of TAK.

Methods

Study population

A total of 58 naive patients with TAK and 53 healthy
controls were enrolled in this study from Zhongshan
Hospital, Fudan University, Shanghai, China, between
January 1 and December 31, 2020. Patients were
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diagnosed according to the 1990 American College of
Rheumatology TAK classification criteria [11]. The study
design is presented in Supplementary Fig. 1. Among the
study participants, 50 patients with TAK and 48 healthy
controls were selected for serum examination, while the
remaining 8 patients and 5 controls were selected for
vascular tissue examination. The patients for vascular
tissue examination were scheduled to undergo surgery
and were treatment-naive at the time of surgery. Vascular
control samples were obtained from apparently healthy
donors for heart (ascending aorta) or liver (abdominal
aorta) transplantation. The study protocol was approved
by the Ethics Committees of Zhongshan Hospital
(B2016-168) and conformed to the ethical guidelines of
the 1975 Declaration of Helsinki. Written informed con-
sent was obtained from all the participants in this study.

Data collection and clinical assessment
Patient demographic and clinical data were recorded,
including symptoms/signs, laboratory results, and
imaging examination results. Laboratory parameters
included inflammatory factors (erythrocyte sedimen-
tation rate [ESR] and serum C-reactive protein [CRP])
and immune cell numbers or proportions in the periph-
eral blood. These immune cells were detected by routine
flow cytometry, including monocytes (CD14"), lympho-
cytes (CD3T), CD4* T cells (CD3tCD41), CD8' T cells
(CD3"TCD8™), B cells (CD19"), and natural killer (NK)
cells (CD56%). A panel of fluorochrome-labeled mono-
clonal antibodies including CD3 (FITC, BioLegend), CD4
(PE-Cy7, BioLegend), CD8 (PE-Texas Red, BioLegend),
CD14 (BV510, BioLegend), CD19 (PerCP/Cyanine5.5,
BioLegend), and CD56 (APC, BioLegend) were used in
flow cytometry and detected by BDFACSArialll. The
gating strategy was shown in Supplementary Fig. 2. All
the tests were conducted at the central laboratory of our
center. Imaging examinations consisted of whole-body
magnetic resonance angiography or computed tomo-
graphic angiography to assess vascular involvement.
Vascular types according to imaging findings were eval-
uated according to the imaging classification system cre-
ated by Hata [12]. Disease activity was assessed based on
the NIH activity criteria [13].

Proteome profiler human chemokine array

Of the 50 patients and 48 healthy controls for serum
examination, five patients with TAK and three age- and
gender-matched healthy controls were chosen for the
chemokine array assay (ARY017; R&D Systems Inc., Min-
neapolis). According to the instructions of the manu-
facturer, 31 chemokines were detected (Supplementary
Fig. 3A). Results were expressed as the average signal
(pixel density) of duplicate spots of each chemokine after
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the average background signal was subtracted. A 15%
higher or lower difference in the average signal between
patients and controls was indicative of a differentially
expressed chemokine.

Enzyme-linked immunosorbent assay

Based on the chemokine array results, 12 chemokines
with higher levels in patients with TAK were preliminar-
ily verified in 20 patients with TAK and 20 healthy con-
trols by enzyme-linked immunosorbent assay (ELISA).
These chemokines were CCL22, RANTES, CXCL16,
CXCL11, IL-16, CCL1, CCL17, CCL19, CCL20, CXCL1,
CX3CL1, and XCL1. After preliminary verification, five
chemokines (CCL22, RANTES, CXCL16, CXCLI11,
and IL-16) with higher levels in TAK cases were further
detected in the remaining 25 patients with TAK and 25
controls for further confirmation.

To clarify the effects of glucocorticoids and immuno-
suppressants on the expression of the chemokines, the
serum levels of these five chemokines were also detected
in the 45 patients with TAK after treatment. To investi-
gate immune responses in the patients with TAK, the
expression of relevant cytokines, including IL-6, IL-17,
and IFN-y was also detected in the 45 patients (baseline
and post-treatment) and 45 controls. Commercial ELISA
kits purchased from Boster Bio (CA, USA) were used to
detect these chemokines and cytokines.

Immunofluorescence and immunohistochemistry
To evaluate vascular infiltration upon vascular tissue,
immunofluorescence for CD3 (ab16669, Abcam, MA,
USA), CD19 (ab245235, Abcam, MA, USA), and CD68
(ab213363, Abcam, MA, USA) staining was performed.
During this process, the deparaffination, rehydration,
antigen retrieval, and blocking process were conducted
as previously described [14]. During the staining process,
CD68 antibody was firstly incubated at 4 °C overnight.
On the 2nd day, after washing with PBS supplemented
with 0.01% Tween-20, the corresponding secondary anti-
body was applied at room temperature for 1 h. Then,
Tyramide-CY3 was used to detect the primary antibody
binding. Then, the second antigen retrieval process was
conducted for CD3 staining. The staining process were
same to the first antigen and detected by Tyramide-FITC.
After this, the slides went through antigen retrieval pro-
cess again. CD19 was finally detected by CY5 conjugated
secondary antibody. At last, the slides were mounted
with anti-fluorescence quenching agent containing DAPI.
For the immunohistochemistry analysis, primary anti-
bodies against CCL22 (abs118802; Absin, Shanghai,
China), RANTES (abs131231; Absin, Shanghai, China),
CXCL16 (abs122925; Absin, Shanghai, China), CXCL11
(ab9955; Abcam, MA, USA), and IL-16 (ab207181;
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Abcam, MA, USA), and their corresponding secondary
antibodies were applied.

All the slides were digitally scanned using a
3DHISTECH scanning microscope, and images
were viewed and selected using CaseViewer 2.4.0
(3DHISTECH Ltd., Hungary). In the quantification pro-
cess, 10 views (about 0.15mm?) upon 400X magnification
within the greatest inflammatory infiltrates were selected
from each slide. The average number of CD3 or CD19
or CD68-positive cells were calculated using Image] and
graded as +++ (the average number > 100/0.15mm?),
++ (the average number 50-100/0.15mm?), + (the
average number 10-50/0.15mm?), or - (the average
number <10/0.15mm?). Chemokine expressions were
semi-quantified by IHC profiler in Image]. The results
were presented as negative (-), weak positive (+), moder-
ate positive (++), and strong positive (+++).

Evaluation of the clinical significance of the identified
chemokines

Distribution of the identified five chemokines (CCL22,
RANTES, CXCL16, CXCL11, and IL-16) within inflam-
matory cells in vascular tissue and correlations between
chemokine levels and immune cell (CD4" T cell, CD8"
T cell, CD14% monocyte, CD19" B cell, and CD56"
NK cell) numbers in the peripheral blood were ana-
lyzed to investigate their potential role in immune cell
recruitment. In addition, correlations between these
chemokines and cytokines (IL-6, IL-17, and IFN-y) were
analyzed to explore their potential role in TAK immune
response. Moreover, the levels of these five chemokines
were compared between patients with active and inactive
disease, and their correlations with inflammatory param-
eters (ESR and CRP) were examined to clarify their role
in disease activity. Finally, changes in these chemokines
were analyzed after glucocorticoids and immunosuppres-
sive treatment.

Statistical analysis

Measurement data, such as chemokine levels, ESR, and
CRP, were expressed as mean =+ standard deviation, while
enumeration data, such as patients with active/inactive
disease, were presented as frequencies and percentages.
Student’s ¢ test or paired ¢ test were used to compare
data that was normally distributed, while Mann-Whitney
test or Wilcoxon rank test were used to compare non-
parametric data. In the correlation analysis, Pearson
correlation analysis was performed to analyze normal
distribution data, while Spearman correlation analysis
was applied for non-parametric data. All statistical analy-
ses were performed using SPSS version 20.0 (Chicago, IL,
USA). Graphs were generated using GraphPad Prism 5
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(GraphPad Software Inc., USA). P values <0.05 were con-
sidered to indicate statistical significance.

Results

Patient characteristics

The patients with TAK and healthy controls selected for
serum examination were matched for age (TAK: 34.44
+ 13.25 years, control: 37.85 £ 5.10 years, p = 0.27)
and female to male ratio (TAK: 41:9, control: 36:12, p =
0.40). The clinical characteristics of patients with TAK
included in the serum examination are listed in Table 1.
Among the 50 patients with TAK, 40 (80%) had active
disease at the time of enrollment. No significant dif-
ferences were observed in the clinical characteristics
(p > 0.05 for all parameters, Table 1) of patients (n =
5) selected for chemokine screening and those selected
for chemokine validation (# = 45).
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The clinical characteristics of patients (n = 8) and
controls (n = 5) selected for vascular tissue examina-
tion are listed in Supplementary Table 1. The main
reasons for surgery were aortic regurgitation (n = 7)
and renal artery occlusion (# = 1). Thus, ascending
aortic specimens (n = 7) and a renal artery specimen
(n = 1) were obtained. In addition, apparently normal
specimens (control) of the ascending aorta (n = 3) and
abdominal aorta (# = 2) were obtained from donors for
heart transplantation (#z = 3) and liver transplantation
(n=2).

Increased expression of CCL22, RANTES, CXCL16, CXCL11,
and IL-16 in the peripheral blood of patients with TAK

The main functions of 31 chemokines in the array
are listed in Supplementary Table 2. A representa-
tive image of the chemokine array results is shown

Table 1 Clinical characteristics of patients included in the serum examination

Clinical Parameters Patients with TAK

Healthy controls (n=48)

Total (n=50) For chemokine For chemokine p
screening (n=5) validation (n =45)
General information
Gender ratio (F:M) 419 5:0 36:9 057 36:12
Age at diagnosis (mean £ SD, y) 3440£13.25 28804661 35.07+£13.69 0.32 /
Disease duration (months) 6.00 (2.00-15.00) 12.00 (1.50-30.0a0) 6.00 (2.00-12.00) 0.68 /
Active disease status (n, %) 40 (80.00) 3 (60) 37(82.22) 0.26 /
Clinical symptoms
Weakness (n, %) 11 (22.00) 2 (40) 9 (20.00) 0.30 /
Fever (n, %) 6 (12.00) 1(20) 5011.11) 0.49 /
Hypertension (n, %) 14 (28.00) 1(20) 13 (28.89) 1.00 /
Claudication (n, %) 2 (4.00) 0(0) 2(4.44) 1.00 /
Chest distress (n, %) 9 (18.00) 0(0) 9 (20.00) 0.57 /
Dizziness (n, %) 24 (48.00) 3(60) 21 (46.67) 0.66 /
Pulselessness/weak pulse (n, %) 17 (34.00) 2 (40) 15(33.33) 1.00 /
Vascular bruits (n, %) 17 (34.00) 3(60) 14 (31.11) 032 /
Lab results
Hemoglobin (mean £ SD, g/L) 11941£15.20 1150041393 119.62+£1535 0.50 1326941342
WBC (mean = SD, 10°/L) 899+587 9.51+247 895+6.10 097 6.23+£2.06
PLT (mean = SD, 10%/L) 29347493.70 346.25 4+ 140.67 288.78+89.18 0.12 25846+61.55
ESR (mean £ SD, mm/H) 441843018 59.50+31.69 42.82430.04 0.29 /
CRP (mean £ SD, mg/L) 2440+ 26.69 32.134+26.18 237142692 0.55 /
IL-6 (mean £ SD, pg/ml) 11.80£10.26 12.544+10.28 11.71£10.38 0.87 /
TNF-a (mean £ SD, pg/ml) 8.94+7.99 493+0.68 942+833 0.29 /
Imaging type
I 13 (26.00) 4 (80) 9 (20.00) 0.028 /
lla 2 (4.00) 0(0) 2 (4.44) /
Ilb 8(16.00) 0(0) 8(17.78) /
Il 1(2.00) 0(0) 1(.22) /
\% 5(10.00) 1(20) 4(8.89) /
\% 22 (48.89) 0(0) 22 (46.67) /

SD Standard deviation, WBC White blood cell, PLT Platelet, ESR Erythrocyte sedimentation rate, CRP C-reactive protein
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in Supplementary Fig. 3A, and the combined results
are shown in Supplementary Fig. 3B. Among the 31
chemokines, the average signal of 12 chemokines was
over 15% higher in patients with TAK than in the
healthy controls (Supplementary Fig. 3C a-1): CCL22,
RANTES, CXCL1l6, CXCL11, IL-16, CCL1, XCL1,
CX3CL1, CXCL1, CCL17, CCL19, and CCL20. In con-
trast, the average signal of four chemokines (CXCL10,
CXCL7, CCL18, and CXCL4) was 15% lower in
patients with TAK than in the healthy controls (Sup-
plementary Fig. 3C m-p).

The 12 chemokines with significantly higher expression
in patients with TAK were priliminarlily validated in 20
patients with TAK and 20 healthy controls. The results
showed that the levels of five chemokines were signifi-
cantly higher in patients with TAK than in the healthy
controls (CCL22: p < 0.0001, RANTES: p < 0.0001,
CXCL16: p = 0.01, CXCL11: p = 0.04, IL-16: p = 0.04)
(Fig. 1A). However, no significant differences were found
in the other seven chemokines (CCL1, XCL1, CX3CLl1,
CXCL1, CCL17, CCL19, and CCL20: p > 0.05 for all)
(Fig. 1B).

To confirm these five chemokines with higher levels in
patients with TAK, their levels were further detected and
analyzed in another 25 controls and patients with TAK.
The results also confirmed that these five chemokines
were significantly higher in the patients with TAK
(CCL22: p < 0.0001, RANTES: p < 0.0001, CXCL16: p
< 0.0001, CXCL11: p < 0.01, IL-16: p = 0.03) (Fig. 1C).
The data indicate that these five chemokines, CCL22,
RANTES, CXCL16, CXCL11, and IL-16, might play a
role in TAK development.

Increased expression of CCL22, RANTES, CXCL16, CXCL11,
and IL-16 in vascular tissue and their relationships

with vascular and peripheral immune cell numbers

in patients with TAK

The immunofluorescence staining showed different
grades of inflammatory infiltrates (CD3" or CD197 or
CD68" cells) in vascular adventitia (Supplementary
Table 1 and Supplementary Fig. 4). The expressions of
these five chemokines were also increased in TAK vas-
cular lesions (Supplementary Table 1 and Fig. 2A). Spe-
cifically, CCL22 was expressed in a weak positive to
moderate positive grade (+ ~ ++) and mainly detected
at sites with inflammatory cell infiltration (Fig. 2A:
CCL22); RANTES was weak positively (+) expressed in
vascular adventitia, which was not necessarily related
to inflammatory cells (Fig. 2A: RANTES); CXCL16
was weak to strong positively (+ ~ +++) expressed
and predominantly detected in microvessel walls in the
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adventitia (Fig. 2A: CXCL16); CXCL11 was moderate to
strong positively expressed (++ ~ +++) in microves-
sel walls as well as lesions infiltrated with inflammatory
cells (Fig. 2A: CXCL11); and IL-16 expression was also
in a moderate to strong positive grade (++ ~ +++) and
closely related with the distribution of inflammatory cells
(Fig. 2A: IL-16).

Based on the observations above, the correlations
between increased chemokine levels and peripheral
immune cells were further analyzed among 45 patients
(Fig. 2B). Compared with the findings in TAK tissue,
the relationship between the chemokines and peripheral
immune cells (CD3TCD4" T cells, CD3TCD8*' T cells,
CD19" B cells, CD561 NK cells, and CD14" monocytes)
exhibited a different pattern. Surprisingly, no correlations
were found between CCL22 and immune cell numbers
in peripheral blood (Fig. 2B al-a5). Similarly, no correla-
tions were observed between CXCL16 and immune cell
numbers either (Fig. 2B c1-c5). However, RANTES was
weakly correlated with CD3TCD4% T cell number (rho
= 0.46, p = 0.02, Fig. 2B b1) and CD19" B cell number
(rho = 0.40, p = 0.04, Fig. 2B b3), but it was not corre-
lated with the other cell types (Fig. 2B b2, b4, b5). With
regard to CXCL11, it was weakly correlated with CD197
cell number (rho = 0.50, p = 0.008, Fig. 2B d3), but not
with the number of the other immune cells (Fig. 2B d1,
d2, d4, & d5). Interestingly, IL-16 was weakly correlated
with CD37CD4" T cell number (rho = 0.46, p = 0.02,
Fig. 2B el), but not with the number of other types of
cells (Fig. 2B e2—e5).

These results indicate that while the chemokine expres-
sion was localized with immune cell numbers in vascular
tissue, the correlations of these chemokines with immune
cell numbers in the peripheral blood were limited.

Correlation between increased chemokine levels

and inflammatory cytokine levels in the peripheral blood
of patients with TAK

Higher levels of IL-6 (p < 0.001) and IL-17 (p = 0.004)
in patients with TAK in contrast to the healthy controls
(Supplementary Fig. 5A & B). However, IFN-y levels were
lower in the patients than in the healthy controls (p <
0.001, Supplementary Fig. 5C). These data indicate that
higher chemokine levels were accompanied with increase
in the levels of IL-6 and IL-17, which are the two main
inflammatory cytokines involved in the development of
TAK. The correlation analysis between these chemokines
and cytokines (Supplementary Fig. 5D) indicated a weak
correlation between RANTES and IL-6 levels (rho =
0.41, p = 0.02, Supplementary Fig. 5D bl). However, no
correlations were found between the other chemokines
and IL-6 or IL-17 levels (Supplementary Fig. 5D).
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Fig. 1 Validation of chemokine expression in the peripheral blood of patients with TAK. A Higher levels of CCL22 (a), RANTES (b), CXCL16 (c),
CXCL11 (d), and IL-16 (e) were observed in TAK patients in contrast to the healthy controls (n = 20 in each group). B No differences were found in
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Correlations between chemokine levels and disease status Correlations between individual chemokine levels

Unfortunately, no differences were found in the levels of  The results showed that levels of CCL22, CXCL16, and
five chemokines between active and inactive patients (Sup- IL-16 were mutually correlated. In particular, CCL22
plementary Fig. 6A a—e), and no correlations were observed =~ was positively correlated with CXCL16 (r = 0.57, p <
between these chemokines and the CRP (Supplementary  0.0001, Supplementary Fig. 7A) and IL-16 (rho = 0.57,
Fig. 6B) or ESR (Supplementary Fig. 6C) levels either. p < 0.0001, Supplementary Fig. 7B), and IL-16 was also
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Fig. 2 Relationship between increased chemokine levels and vascular or peripheral immune cell numbers in patients with TAK. A Representative
immunohistochemical staining images of vascular expression of CCL22, RANTES, CXCL16, CXCL11, and IL-16 in patients with TAK and healthy
controls. B Correlations between CCL22 (a1-a5), RANTES (b1-b5), CXCL16 (c1-c5), CXCL11 (d1-d5), and IL-16 (e1-e5) levels and CD3TCD4 T cells,
CD3*TCD8* T cells, CD197 B cells, CD56™ NK cells, and CD14™ monocytes

positively related with CXCL16 (rho = 0.40, p = 0.005,
Supplementary Fig. 7C).

Effect of immunosuppressive treatment on the identified
chemokines and TAK-related cytokines

The treatment included glucocorticoids combined with
leflunomide (20 patients, 44.44%), cyclophosphamide

(15 patients, 33.33%), tocilizumab (8 patients, 17.78%),
or methotrexate (2 patients, 4.44%). The median treat-
ment duration was 6 (interquartile range: 5-6) months.
After treatment, 14 (31.11%) patients had active disease
according to their NIH score.

After treatment, a further increase was observed
in CCL22 levels (85.66 (52.39, 114.64) vs. 111.20
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(51.71, 160.67), p = 0.03, Fig. 3A), while there was
a significant decrease in RANTES (14.68+9.35 wvs.
9.434+5.90, p = 0.001) and CXCL16 (1381.171+743.26 vs.
1083.03+447.39, p = 0.02) (Fig. 3B). However, no dif-
ferences were observed in the levels of CXCL11 (328.35
(168.55, 535.43) vs. 352.13 (271.29, 604.85), p = 0.31,
Fig. 3C a) and IL-16 (56.95 (39.24, 96.19) vs. 70.25 (48.60,
126.25), p = 0.11, Fig. 3C b). No changes were found in
the levels of the three TAK-related cytokines (IL-6: 32.57
(25.46, 46.73) vs. 27.58 (22.34, 42.58), p = 0.08, IL-17:
86.97 (58.30, 130.54) vs. 74.01 (45.00, 126.88), p = 0.48,
IFN-y: 22.56 (18.10, 30.30) vs. 20.88 (16.60, 29.77), p =
0.39, Fig. 3C c—e) after treatment.

We found that changes in the examined chemokines
after treatment differed across individual patients.
Therefore, immune cell numbers, ESR, CRP, and
cytokines changes in the peripheral blood after treat-
ment were compared between patients with increased
and decreased levels of each chemokine. However, no dif-
ferences were observed in these indicators between the
two groups (data not shown). Correlations between the
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changes in these chemokines were also analyzed, and the
results indicated similar trends in the changes in CCL22,
CXCL16, and IL-16 levels after treatment (Supplemen-
tary Fig. 7D-F).

A summary of the characteristics of these five
chemokines in patients with TAK is shown in Table 2. A
proposed model illustrating chemokines discovered in
the present study and their potential role in the patho-
genesis of TAK was shown in Fig. 4.

Discussion

The present study demonstrates that the chemokines
CCL22, RANTES, CXCL16, CXCL11, and IL-16 are
elevated in the peripheral blood as well as vascular tis-
sue of patients with TAK, and expression of CCL22,
CXCL11, and IL-16 are distributed in vascular inflamma-
tory lesions. These phenomena indicated that they may
play a role in the recruitment of immune cells in vascular
lesions of TAK. Further, after routine glucocorticoids and
immunosuppressant treatment, RANTES and CXCL16
are decreased, while CCL22, CXCL11, and IL-16 present
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Fig. 3 Changes in peripheral chemokine and cytokine levels after treatment in patients with TAK. A CCL22 levels were increased after treatment. B
RANTES (a) and CXCL16 (b) levels were decreased after treatment. C No differences were observed in CXCL11 (a), IL-16 (b), IL-6 (), IL-17 (d), and IFN-y
levels before and after treatment (n = 45 in each group).*p < 0.05, **p < 0.01, ns = no significance
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Fig. 4 A proposed model illustrating chemokines discovered in the present study and their potential role in the pathogenesis of TAK. CCL22,
RANTES, CXCL16, CXCL11, and IL-16 were increased in the peripheral blood as well as vascular tissue of TAK. In active vascular lesions, the infiltration
was predominated by CD3™ T cells, a less proportion of CD68™ macrophage and CD19% B cells. Among these five chemokines, CCL22, IL-16, and
CXCL11 were distributed in vascular infiltration. RANTES was expressed in a relative low level. In addition, CXCL11 was also expressed in adventitial
microvessels, while CXCL16 was mainly expressed in adventitial microvessel wall. Based on their functions, their potential roles in TAK were
presumed as followed: (D CCL22 may participate in macrophage recruitment; @ RANTES is able to recruit multiple cells, but the specific cell type it
functions needs further exploration; @ CXCL16 probably involves in migration of peripheral immune cells from adventitial microvessels to vascular
lesions; @ CXCL11 may recruit active T cells as well as participate in the recruitment immune cells from microvessels; &) IL-16 probably promotes

a persistent high levels. Thus, CCL22, CXCL11, and
IL-16 may participate in the vascular chronic inflamma-
tion or fibrotic process of TAK.

The key functions of the five TAK-related chemokines,
namely, CCL22, RANTES, CXCL16, CXCL11, and IL-16,
identified in this study are reviewed in Table 2. CCL22
is mainly produced by macrophages, dendritic cells, and
can recruit macrophages via CC chemokine receptor 4
[15, 19]. It has been implicated in inflammatory, allergic,
as well as fibrotic disorders [24, 32—-34]. In TAK, mac-
rophage was a major cell type in vascular lesions [10].
Thus, CCL22 may be mainly derived from macrophages
and involved in macrophage recruitment. CCL22 is also a
biomarker of M2 macrophages [43]. It has been reported
that M2 macrophages dominated M1 macrophages

in TAK vascular lesions [44]. Our previous study also
found macrophages experienced a M1 to M2 shift from
untreated to treated vascular lesions [10]. This probably
was an important reason for persistent high serum CCL22
levels in TAK. However, the relationship between CCL22
and vascular macrophages needs further verification.
RANTES is an inflammatory chemokine that exhib-
its chemotaxis towards multiple inflammatory cells,
especially T cells via CCR5 [16, 20]. RANTES has been
reported to play a role in multiple vascular diseases,
tumors, and viral infections [25, 26, 35, 36]. In the pre-
sent study, the increase of serum RANTES is consistent
with previous findings [7, 25]. However, its expression
in vascular tissue has not ever been studied. In GCA,
RANTES was co-localized with leucocytes in vascular
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adventitia [26], but this phenomenon was not promi-
nent TAK vascular tissue according to the results in the
present study. In the peripheral blood, a correlation was
observed between RANTES and IL-6 in this study, which
indirectly suggested its participation in the inflammatory
process of TAK. Finally, the decrease in RANTES levels
after treatment indicated a response to glucocorticoids
and immunosuppressants treatment.

CXCL16 participates in various pathological pro-
cesses such as immune cell recruitment, cell interactions,
angiogenesis etc. [17, 21], leading to its involvement
in multiple disorders [27, 28]. Importantly, CXCL16
has been reported to mediate the adhesion of platelets
or leucocytes to endothelial cells [45]. In the present
study, CXCL16 was mainly expressed in the adventi-
tial microvessel wall. Therefore, CXCL16 probably plays
a critical role in recruitment of immune cell from the
peripheral blood to vascular lesions via adventitial
microvessels. In addition, CXCL16 has been reported
to play a pro-angiogenic role by recruiting endothelial
progenitor cells [28]. Angiogenesis is also increased in
vascular lesions in TAK, but whether CXCL16 also par-
ticipates in neovascularization in TAK remains further
investigation. Similar to RANTES, CXCL16 also can be
downregulated in response to glucocorticoids and immu-
nosuppressive treatment.

CXCL11 acts as a chemokine for T cells and mac-
rophages via binding to the receptor CXCR3 [22]. The
CXCL11/CXCR3 axis has been implicated in multiple
autoimmune disorders and tumors [5, 22, 29, 37-39]. In
GCA, CXCLI11 expression was also observed in vascular
lesions, and blocking IFN-y was found to reduce CXCL11
expression and further decrease macrophage infiltration
[5]. In the present study, CXCL11 expression was mainly
observed in microvessel wall and inflammatory lesions.
This indicates its role in immune cell recruitment and
activation in TAK. In the present study, persistently high
levels of CXCL11 were found in the peripheral blood
after glucocorticoids and immunosuppressive treatment,
which may contributed to vascular chronic inflammation
in TAK. Thus, it is worthy to explore whether CXCL11/
CXCRS3 axis also involved in the pathogenesis of TAK in
future studies.

IL-16 has chemotactic function in immune cells, espe-
cially CD4* T cells [18, 23]. Its expression was associated
with tissue CD4% T lymphocyte infiltration in multiple
disorders [46—48]. In antineutrophil cytoplasmic anti-
body-associated vasculitis, IL-16 was correlated with
the vasculitis damage index [30] and was presumed to be
involved in vascular fibrosis. In addition, it was reported
to participate in the migration and invasion of vascular
smooth muscle cells (VSMCs) [31]. In the present study,
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the positive correlation between IL-16 levels and CD4*"
T cell number and the close distribution of IL-16 to lym-
phocyte infiltrates also indicate an important role for
IL-16 in CD4" T cell recruitment. Further, a persistent
high levels of IL-16 were observed in TAK after glucocor-
ticoids and immunosuppressive treatment. Whether high
levels of IL-16 contribute to chronic fibrosis in vascular
lesions needs further exploration.

In the present study, although no correlations were
observed between these chemokine levels and the dis-
ease activity markers ESR or CRP, high levels of IL-6
and IL-17 were detected along with the high levels of
chemokines. This finding, combined with the close dis-
tribution of chemokines with vascular immune cells,
implies that these chemokines may also be indicators of
active immune responses in TAK. Additionally, the per-
sistently high levels of CXCL11 and IL-16 after treatment
probably indicates uncontrolled immune activation or
their role in chronic vascular fibrosis. The correlations
observed between CCL22, CXCL16, and IL-16 indicate
that these chemokines may function in a synergistic way.

This study comprehensively investigated the chemokine
profile of TAK and preliminarily explored the potential
role of five identified chemokines in vascular immune
cell recruitment. They may play different roles in vascular
lesions by attracting different cell types. These findings
provide important evidence for the pathogenesis of TAK,
but there are also some limitations to this study. Firstly,
in this study, four chemokines with lower levels screened
from array had not been further validated. Lower levels
of chemokines may reflect the usage of them by immune
cells. Thus, it was worthy to have more research on them
in future TAK studies. In addition, only five chemokines
validated in the serum were detected in vascular tissue.
Thus, certain critical chemokines in vascular tissue could
have been overlooked due to inconsistencies between the
peripheral blood and vascular tissue findings. Moreover,
the treatment period was relatively short, so the effects of
glucocorticoids and immunosuppressive agents on these
chemokines need further verification Finally, the origins
and roles of these chemokines remained to be explored
further.

Conclusions

CCL22, RANTES, CXCL16, CXCL11, and IL-16 are
identified as the major chemokines that may involve in
the recruitment of immune cells in the vascular tissue
of patients with TAK. Additionally, the persistently high
levels of CCL22, CXCL11, and IL-16 observed after
treatment might suggest their participation in vascular
chronic inflammation or fibrosis and demonstrate the
need for developing more efficacious treatment options.
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